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Abstract
Transformations accompanying shape-instability govern the morphological conguration
and distribution of the phases in a microstructure. Owing to the inuence of the microstruc-
ture on the properties of a material, in the present work, the stability of three-dimensional rods
in a ‘representative’ polycrystalline system is extensively analysed. A multiphase-eld model,
which recovers the physical laws and sharp-interface relations, and includes grain boundary dif-
fusion, is adopted to investigate the morphological evolution of the precipitate. Moreover, the
eciency of the numerical approach is ensured by establishing the volume-preserving chemical
equilibrium through the incorporation TCFe8 (CALPHAD) data and solving phase-eld evolution
in the Allen-Cahn framework. e morphological evolution of the rod in the representative mul-
tiphase system exhibits a unique transformation mechanism which is signicantly dierent from
the evolution of an isolated nite-structure. It is realised that, in a polycrystalline arrangement,
irrespective of the initial size of the rod, the shape-change begins with the energy-minimising
events at the triple junctions. is early transformation renders a characteristic morphology
at the longitudinal ends of the structure, which introduces sucient driving-force through the
curvature-dierence for the subsequent morphological changes. e continued mass transfer to
the terminations, ultimately, breaks-o the rod into separate entities that are entangled in the
grain boundary. With increase in the aspect ratio of the rod, it is identied that the source of mass
transfer, which turns into the ovulation site, shis from the centre. is increases the number
of fragmentation events and introduces satellite particle. e size of the satellite particle is dic-
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tated by a denite ovulation criterion, which is ascertained by examining the transformation of
dierent-sized rods. A comprehensive understanding of the transformation kinetics and mecha-
nism governing the morphological evolution of the rods in a polycrystalline system is rendered
in this work.
Keywords: Shape instability, pearlite spheroidization, sub-critical annealing, phase-eld
simulations
1 Introduction
Critical properties like crack resistance are governed by the morphological conguration of
the phases in a microstructure, in addition to their volume fractions, chemical composition and
crystal structure [1]. For instance, when compared to the spheroidal distribution of precipitate in
a matrix, the crack propagation path is noticeably dierent in a microstructure with seemingly
continuous arrangement of the phases like lamellar structure [2, 3]. is disparity can be ob-
served despite the similarity in the phase fractions. erefore, a comprehensive understanding
on the behaviour of a material necessitates insight on the shape adopted by the phases. More-
over, along with the morphology, the distribution of the phases also contributes to the properties
of the material. Given the inuence of the shape and distribution of the phases on the prop-
erties, the microstructural evolution in the absence of the phase transformation is extensively
studied [4, 5]. ese investigations, while assisting the formulation of appropriate processing
technique that render desired properties, explicate the morphological stability of the microstruc-
ture, particularly at high temperatures.
e morphological evolution of a microstructure is signicantly dierent from the phase
transformation. While the phase change, depending on the nature of the transformation, involves
a denite driving force in the form of supersaturation or undercooling, the morphological evo-
lution predominantly ensues a chemical equilibrium [6]. erefore, the volume fractions of the
phases are characteristically preserved during the shape change. Furthermore, the phase trans-
formations are oen steady-state in nature, i.e, the driving force remains constant all-through the
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Interface separating phasesFigure 1: Schematic representation of grain-boundary assisted ovulation observed during the pearlite spheroidiza-
tion.
evolution [7, 8], except under specic condition [9]. In contrast, the curvature-dierence which
dictates the shape change in the phases decreases progressively with time [10]. Despite these
dierences, one critical aspect of the morphological transformation that convolutes its investi-
gations is the demand for the three-dimensional projection of the microstructure [11]. Consider-
able understanding of a phase change can be gained by analysing the microstructural evolution
in two dimensions. However, such conventional treatment generally fails to oer a convincing
insight on the morphological transformation. Owing to this reason, theoretical techniques are
oen adopted to complement the experimental observation, and deepen the understanding of the
‘shape instabilities’ [12, 13]. In the present work, a well-established numerical approach called
phase-eld method is employed to analyse a complex form of morphological transformation in
polycrystalline systems.
1.1 Morphological changes
e theoretical treatment, which investigates the stability of uid jet, involves considering
an innitely long structure and studying its response to the imposed perturbation [14, 15]. A
fundamental limitation of extending this technique to investigate morphological stability of a
microstructure is that the innitely long structures are rarely observed in a solid-state mate-
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rial. In fact, it has been identied that at high temperatures, the seemingly continuous shapes
break down into nite structures governed by the through-thickness boundaries [16, 17, 18]. is
fragmentation is referred to as boundary spliing. Fragmentation of the continuous structures
plays a vital role in the morphological transformation of a microstructure. is event intro-
duces termination to a given precipitate, as it converts a seemingly innite shape to a nite one.
e subsequent morphological evolution is governed by the curvature-dierence introduced by
the termination. In sub-critical annealing, wherein the through-thickness boundaries are pur-
posely introduced through mechanical treatments, the boundary spliing form an integral part
of spheroidization [19, 20]. e morphological changes associated with the boundary spliing
can be elucidated by considering the well-known shape instability called thermal grooving.
As opposed to boundary spliing, recent experimental observations have unraveled a unique
shape instability wherein the precipitates abuing the grain boundary break down in a charac-
teristic fashion [21, 22]. A schematic representation of this fragmentation process is illustrated in
Fig. 1. It is observed that the ‘ovulation ’ of the precipitates close to the grain boundaries initiates
shape transformation accompanying the pearlite spheroidization. Based on the preliminary in-
vestigation, this morphological evolution is aributed to the grain-boundary diusion. However,
despite its contribution to the spheroidization [23, 24], the grain-boundary assisted fragmenta-
tion has not been comprehensively studied yet. erefore, in this work, this particular form of
shape instability is extensively analysed to elucidate the underlying mechanism.
Since the morphological evolution in Fig. 1 involves at least two grains (α1 and α2) and two
phases (α and θ), elementary techniques which are conned to an isolated precipitate in a matrix
cannot be adopted to examine this shape instability. Moreover, the transformation includes mor-
phological evolution of the detached precipitate that follows the initial ovulation. erefore, the
theoretical approach should combine grain-boundary (or) interfacial diusion, in addition to the
volumetric diusion. A phase-eld model which fullls the central requirements of multiphase
consideration and encompasses dierent modes of mass transfer is formulated and employed in
the current investigation.
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1.2 Governing thermodynamics
e morphological changes exhibited by the phases in chemical equilibrium are delineated by
considering the inuence of curvature on the chemical potential [25, 26]. e change introduced
by the curvature in the equilibrium chemical potential is expressed by the well known Gibbs-
omson relation as
µ(K) = µ0eq + γVmK︸ ︷︷ ︸
:=µ˜(K)
, (1)
where γ and Vm are the interfacial energy and molar volume of the diusing element [27, 28].
Moreover, the constant chemical-potential across the at surface of the chemically-stable phases
is represented by µ0eq. e mean curvatureK in Eqn. (1) is the summation of the curvatures along
the principal directions, and is wrien as
K =
1
2
(
1
R1
+
1
R2
)
, (2)
whereR1 andR2 are principal radii of curvature. In a given system, any disparity in the curvature
introduces a gradient in chemical potential which consequently induces migration of atoms. is
ux of atoms establishes the morphological changes, which progressively decrease the overall
interfacial energy of the system while reducing the governing curvature-dierence. e velocity
of the atoms migrating under the inuence of the induced potential-gradient is expressed as
va = − D
RT
∇µ(K) = − D
RT
[∇µ0eq︸ ︷︷ ︸
=0
+γVm∇K]. (3)
In the above relation and as described in [29], the kinetic constant D is the diusivity with R
and T representing the universal gas constant and temperature, respectively. Since the chemical
potential of all the components is constant across the at interface in chemical equilibrium, its
gradient vanishes in Eqn. (3).
Based on the velocity of the migrating species, the ux is ascertained by including the con-
centration which distinguishes the precipitate from the matrix. Correspondingly, the ux of the
atoms is wrien as
J = −DγVm
RT
cδeq∇K, (4)
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Figure 2: Equilibrated morphology of the precipitate-δ governed by the interfacial energies (γαβ , γαδ and γδβ)
associated with the triple junction.
where cδeq is the equilibrium composition of the precipitate-δ expressed in mole fraction. e
description of the ux in Eqn. (4) assumes cαeq << cδeq, where cαeq is the equilibrium concentration
of matrix. In a system wherein this condition is not satised, cδeq in Eqn. (4) is replaced by cδeq−cαeq.
e overall ux of atoms, whose migration is governed by the gradient in the chemical po-
tential, can be dissociated into tangential and normal component [30]. While the tangential com-
ponent is restricted to the ux along the surfaces, the other migration paths are encompassed
by the normal ux. (e interface separating the phases and the grain boundaries are collec-
tively referred to as surface henceforth in this work.) Correspondingly, the overall atomic ux
governing the morphological evolution is expressed as
J = Js + Jn (5)
= − 1
RT
cδeq
(
γVmD
surf∇sK +Dvol∇nµ˜(K)
)
,
wherein the diusion coecient is appropriately distinguished into surface and volume diusiv-
ity, Dsurf and Dvol, respectively. In Eqn. (5), the surface gradient is represented by∇s, while the
remaining gradients are included in∇n. In other words, the inuence of curvature which is not
conned to the surface is encompassed by∇nµ˜(K). e temporal evolution of a small surface
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element η, dictated by the atomic uxes, is ascertained by
∂η
∂t
=
Vm
RT
cδeq
(
γVmD
surf∆sK +D
vol∇nµ˜(K)
)
. (6)
Since the migration of the interface under surface diusion is comprehended by the surface gra-
dient of the corresponding uxes, the gradient in the curvature is replaced by∆s(=∇2s) in the
tangential component of Eqn. (6) [31].
In a multiphase polycrystalline system, the minimisation of the overall interfacial energy of
the system extends beyond the morphological evolution of the individual precipitate. At triple
junctions, the equilibrium condition is established only when the forces introduced by the in-
dividual interfaces are zero at that point. Projecting the interfacial energies, which primarily
contribute to the forces at the triple junction, as von Neumann triangle, the Young’s balance of
force can be expressed as the law of sines [32, 33]. Correspondingly, for a schematic distribution
of phases shown in Fig. 2, the morphology of the precipitate-δ is dictated by the relation
γαβ
sin Θδ
=
γαδ
sin Θβ
=
γδβ
sin Θα
. (7)
Moreover, it is evident that the above relation is pertinent to the morphological evolution illus-
trated in Fig. 1.
2 Numerical framework
Phase-eld approach is known for its ability to simulate microstructural evolutions [34]. e
microstructural changes analysed by this numerical technique include both phase transformation
and energy-minimising interface evolutions. While a wide-range of phase changes is quantita-
tively examined by incorporating appropriate driving force based on the CALPHAD data [35, 36],
the energy-minimising transformations have largely been directed towards grain growth [37, 38].
Recently, curvature-driven transformations, wherein the volume fractions of the phases are pre-
served, are increasingly analysed using phase-eld approach [39, 40, 41]. However, as opposed
to the conventional Cahn-Hilliard treatment, the volume-preserved morphological evolutions
have been studied in the Allen-Cahn framework [42, 43, 44]. In the present work, such numer-
ical approach is employed to understand the grain-boundary assisted fragmentation of three-
dimensional rods.
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2.1 Multicomponent Multiphase-eld model
Generally, the microstructural changes are comprehended by tracking the temporally-evolving
sharp interface [45]. With increasing complexity in the morphology of the evolving phases, the
interface tracking becomes numerically more complicated. Moreover, it is an extremely arduous
task to monitor the interface, when the transformation involves singularity events like fragmen-
tation. In the phase-eld approach, this diculty is circumvented by the introduction of a scalar
variable, called phase-eld. e microstructural evolution is, therefore, dictated by the spatio-
temporal evolution of the phase-eld, instead of the interface migration.
e characteristic inclusion of the phase-eld replaces the sharp interface with a diuse re-
gion wherein the scalar variable exhibits a smooth transition [46]. erefore, the entire system
can be distinguished into bulk phase, where the phase-eld assumes a constant value, and diuse
interface which separates the bulk phases. According to [47], the energy density of a system can
be expressed as
F(φ,∇φ, c, T ) = Fintf(φ,∇φ) + Fchem(c, T,φ) (8)
=
∫
V
εa(φ,∇φ) + 1
ε
w(φ) + fchem(c, T,φ)dV,
where the contribution of the bulk phases and the interfaces are denoted by Fchem and Fintf,
respectively. Owing to the multiphase nature of the formulation, the phase-elds are represented
as a N-tuple, φ = {φα, φβ, . . . , φN} with N denoting the total number of phases.
It is evident from Eqn. (8) that, in a system of volume V , the interface contribution comprises
of a gradient energy term (a(φ,∇φ)) and penalising potential (w(φ)) [48]. In a multiphase
system, the gradient energy, which is formulated based on the gradient of the phase-eld in the
diuse region, is wrien as
εa(φ,∇φ) = ε
N∑
α<β
γαβ |φα∇φβ − φβ∇φα|2︸ ︷︷ ︸
:=|qαβ |2
, (9)
where ε is length-scale parameter that denes the interface width. In Eqn. (9), the energy density
of the interface separating phase−α and−β is represented by γαβ . e gradient energy expressed
in Eqn. (9) is limited to the isotropic conditions, but can be easily extended in case of anisotropic
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features [49]. However, by appending a prefactor, c¯(qαβ), as a function of the gradient vector,
anisotropy in the interfacial energy can be introduced [49].
e penalising potential ensures that the value of the phase-eld is constant at either ends of
the diuse interface. Conventionally, this is achieved by a well-type function with its minimas
corresponding to the desired phase-eld values. In the present model, however, obstacle-type
potential is employed owing to its numerical eciency [50]. Accordingly, the penalising function
in Eqn. (8) reads
1
ε
ω(φ) =

16
εpi2
∑
α<β
γαβφαφβ +
1
ε
∑
α<β<δ
γαβδφαφβφδ, φ ∈ G
∞ φ /∈ G,
(10)
where the higher order term, γαβδφαφβφδ , prevents the formation of the spurious phases. As
expressed in Eqn. (10), penalising potential operates under a denite condition imposed through
the Gibbs simplex,
G =
{
φ ∈ RN :
∑
α
φα = 1, φα ≥ 0
}
. (11)
is Gibbs simplex cumulatively enhances the eciency of the obstacle-type potential in the
multiphase formulation.
e contribution of the bulk phases to the overall energy density in Eqn. (8) is dictated by the
respective composition. e total free-energy contribution of the phases is expressed as
fchem(φ, c, T ) =
N∑
α
fαchem(c
α, T )φα(x, t), (12)
wherein spatially varying phase-eld is employed to interpolate individual free-energy densi-
ties. e free-energy density of the phases is represented by fαchem(cα, T ) in Eqn. (12). Since a
system with more than one independent concentration is considered, akin to the phase-eld φ,
the composition is represent as tuple vector,
cα = {cαi , cαj , · · · , cαk}, (13)
where k represents the number of components, including the solvent (matrix).
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It is evident from the energy density formulation in Eqn. (8) that the contributions from the
interface and the bulk phases are decoupled. However, improper treatment of the constitutive
variables in the diuse region separating the phases leads to an unphysical inuence of bulk phase
on the interface [51, 52]. e inecient decoupling, by adding excess energy to the interface, ef-
fects the entire microstructural evolution. In a system, wherein bulk phases are distinguished
by the respective concentration, the energy contributions are decoupled by assuming that the
respective phases co-exist in a chemical equilibrium in the diuse interface [53, 54]. Under equi-
librium, the chemical potential of a component i, in the region separating two phases, can be
related as
∂fαchem(c
α, T )
∂ci
=
∂fβchem(c
β, T )
∂ci
= µi(x), ∀ {α, β ∈ [N ], i ∈ [k]}. (14)
Correspondingly, the phase-dependent concentrations are interpolated as
c =
N∑
α
cαφα(x, t), (15)
through spatially varying equilibrated chemical-potential in Eqn. (14). is interpolation scheme
averts any inuence of the bulk phases on the diuse interface.
For a given interface and bulk contribution, the evolution of the multiphase multicomponent
system is directed towards a phenomenological decrease in the overall energy density described
in Eqn. (8). Correspondingly, the temporal evolution of the phase-eld is formulated as
ε
∂φα
∂t
= − 1
N˜
1∑
α<β
1
ταβ
[
δF(φ,∇φ, c, T )
δφα
− δF(φ,∇φ, c, T )
δφβ
]
, (16)
where ταβ is the relaxation constant between phase−α and −β, which ensures the stability of
the diuse interface during the microstructural evolution. In evolution Eqn. (16), N˜ is the total
number of locally active phases, which are invariably less than N .
Including the energy contribution delineated in Eqns. (9), (10) and (12), the phase-eld evo-
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lution reads
ε
∂φα
∂t
= − 1
N˜
1∑
α<β
1
ταβ
{
ε∇ ·
[
∂a(φ,∇φ)
∂∇φα −
∂a(φ,∇φ)
∂∇φβ
]
− ε
[
∂a(φ,∇φ)
∂φα
− ∂a(φ,∇φ)
∂φβ
]
−1
ε
[
∂ω(φ)
∂φα
− ∂ω(φ)
∂φβ
]
− 8
√
φαφβ
pi
∆fαchem
}
.
(17)
e chemical driving-force which contributes to the phase-eld evolution in Eqn. (16) is denoted
by ∆fαchem. For the bulk contribution in Eqn. (12), this driving-force is expressed as
∆fαchem =
N∑
α<β
{[
fαchem(c
α, T )−
k−1∑
i=1
µic
α
i
]
−
[
fβchem(c
β, T )−
k−1∑
i=1
µic
β
i
]}
, (18)
where µi is the chemical potential of component i, which acts as a continuous variable, owing
to the thermodynamic basis for the interpolation of the fundamental variable in Eqn. (14). It
is evident from Eqn. (18) that the contribution of a phase to the chemical driving-force is the
Legendre transform of its free-energy density. ese individual contributions, in the present
framework, can be treated as the grand chemical-potential density of the phases, such that
fαchem(c
α(µ), T )−
k−1∑
i=1
µic
α
i ≡ Ψαchem(cα(µ), T ) ∀ α ∈ [N ]. (19)
erefore, the chemical driving-force can be wrien as
∆fαchem =
N∑
α<β
[
Ψαchem(c
α(µ), T )−Ψβchem(cβ(µ), T )
]
, (20)
which indicates that the phase-eld evolution is governed by the dierence in the individual
grand chemical-potential densities. Owing to the direct inuence of the grand potential density
on the transformation, as indicated in Eqn. (20), phase-eld models have been developed by
dening the overall energy of the system based on this thermodynamic parameter [55, 56].
e driving force governing any microstructural transformation can be viewed as a deviation
from the equilibrium condition which renders a static interface. Correspondingly, the chemical
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driving-force for phase-eld evolution in Eqn. (20) can wrien as
∆fαchem(µ) =
N∑
α<β
[
Ψαchem(c
α
eq(µeq), T )−Ψβchem(cβeq(µeq), T )
]
(21)
+
N∑
α<β
k∑
i=1

 ∂Ψαchem(cα(µ), T )
∂µi
∣∣∣∣
µi:eq
− ∂Ψ
β
chem(c
β(µ), T )
∂µi
∣∣∣∣∣
µi:eq
 (µi − µi:eq)
 ,
where the rst term on the right-hand side of Eqn. (21) represents the equilibrium, while the
deviation is introduced by the second term. When the phases are in chemical equilibrium, and
the evolution is exclusively governed by the curvature (K), Eqn. (21) reads
∆fαchem(K) =
N∑
α<β
[
Ψαchem(c
α
eq(µ
0
eq))−Ψβchem(cβeq(µ0eq))
]
(22)
+
N∑
α<β
k∑
i=1

 ∂Ψαchem(cα(µ))
∂µi
∣∣∣∣
µi:eq
− ∂Ψ
β
chem(c
β(µ))
∂µi
∣∣∣∣∣
µi:eq
 (µi(K)− µ0i:eq)
 ,
where µ0i:eq is the equilibrium chemical-potential of component−i across the at interface. In the
absence of any curvature, the corresponding driving forces negate each other
Ψαchem(c
α
eq(µ
0
eq), T ) = Ψ
β
chem(c
β
eq(µ
0
eq), T ) ∀ {α, β ∈ [N ]}. (23)
Moreover, from Eqn. (19), the derivative of the grand chemical-potential yields
Ψαchem(c
α(µ), T )
∂µi
= −cαi ∀ {i ∈ [k] : α ∈ [N ]}. (24)
By substituting Eqns. (23) and (24) in Eqn. (22), the driving force dictating the curvature-driven
transformations is expressed as
∆fαchem =
N∑
α<β
k∑
i=1

(
cβi:eq − cαi:eq
) [
µi(K)− µ0i:eq
]︸ ︷︷ ︸
:=µ˜i(K)
 , (25)
where cαi:eq and c
β
i:eq are the respective equilibrium concentrations of component i in phase −α
and −β [57].
Eqn. (25) indicates that the only material-based parameter which contributes to the driving-
force of the curvature-driven transformations is the dierence between the constant equilibrium
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concentrations (cβi:eq − cαi:eq). erefore, consistent with sharp interface relation, Eqn. (6), the
temporal evolution of the phase-eld is eectively governed by the deviation in the chemical
potential introduced by the curvature. e evolution of the dynamic variable, µi(K), can be
formulated by considering temporal change in the concentration.
Considering the dependencies of the homogenised concentration variable, its temporal evo-
lution can be wrien as
∂ci(µi(K),φ)
∂t
=
(
∂ci
∂µi(K)
)
T,φα
∂µi(K)
∂t
+
(
∂ci
∂φα
)
T,µ˜i
∂φα
∂t
. (26)
However, in a system wherein the morphological changes are predominantly governed by in-
herent curvature-dierence, a gradient in the chemical potential is introduced, as elucidated in
Sec. 1.1. is potential gradient induces atomic ux, which migrates from the region of high
potential (source) to low potential (sink). In a polycrystalline system, the ux of atoms is gov-
erned by volume and grain-boundary diusion. erefore, the curvature-driven concentration
evolution should encompass both volume and surface uxes.
In the present approach, the surface ux is introduced by appropriately formulating the
concentration mobility [58]. e concentration mobility which includes surface diusion is ex-
pressed as
M (φ) = M vol(φ) +M surf(φ) (27)
=
N∑
α=1
Dvolij:αα
(
∂cαi
∂µj
)
T
hα(φ)
+
N−1∑
α
N−1∑
β
Dsurfij:αβ
[(
∂cαi
∂µj
)
T
hα(φ) +
(
∂cβi
∂µj
)
T
hβ(φ)
]
φαφβ,
whereDvolij:αα andDsurfij:αβ correspond to volume and surface diusivities represented as a second-
order tensor. e diusivities are collectively expressed as a symmetric matrix of N ×N dimen-
sion,
Dij = D
vol
ij:αα +D
surf
ij:αβ =

Dvolij:αα D
surf
ij:αβ · · · Dsurfij:αN
Dvolij:ββ · · · Dsurfij:βN
sym.
. . . ...
Dvolij:NN
 . (28)
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In a multicomponent setup, the rate of a microstructural evolution is not predominantly conned
to the diusivities of individual components [59, 60]. Accordingly, the diagonal elements in the
diusivity tensor, in Eqn. (28), are treated as a phase-dependent interdiusivity matrix which
reads
Dvolij:αα =

Dvol11:αα D
vol
12:αα · · · Dvol1k:αα
Dvol21:αα D
vol
22:αα · · · Dvol2k:αα
... ... . . . ...
Dvolk1:αα D
vol
k2:αα · · · Dvolkk:αα
 . (29)
Although quantitative information on the interdiusivities are rendered by kinetic databases
like MOBFe3, it is realised that the role of interdiusivities is governed by the composition of the
phases [61, 62]. erefore, by analysing the relative inuence of the non-diagonal elements in
matrixDvolij:αα in Eqn. (29), the phase-dependent diusivity can be eciently dened. Similarly, by
formulating the surface diusivities as a scalar product of the respective volume components, the
entire mobility can be described based on the interdiusivity matrix alone. Susceptibility matrix,
∂cαi
∂µj
, which is included in Eqn. (30), ensures that the diusion coecients are constant in a given
phase. Oen, these parameters are incorporated from the kinetic CALPHAD databases. However,
when the energy densities of the individual phases are expressed as a polynomial function, the
susceptibility matrix are then the inverse of the second-derivative of the free energy [63].
By incorporating the mobility in Eqn. (27), the concentration evolution under the inuence
of the curvature is expressed as
∂ci(µi(K))
∂t
=∇ ·
(
k−1∑
j=1
M(φ)∇µj(K)
)
(30)
=∇ ·
k−1∑
j=1
(
N∑
α=1
Dvolij:αα
(
∂cαi
∂µj
)
T
hα(φ)∇µj(K)
)
+∇ ·
k−1∑
j=1
(
N−1∑
α
N−1∑
β
Dsurfij:αβ
[(
∂cαi
∂µj
)
T
hα(φ) +
(
∂cβi
∂µj
)
T
hβ(φ)
]
φαφβ∇µj(K)
)
.
Substituting the above ux-based temporal evolution in Eqn. (26), and re-arranging the terms,
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Figure 3: A representative three-dimensional domain of a multiphase system which includes three ferrite grains
(α1, α2 and α3) and a cementite precipitate (θ) of aspect ratio ( lb =) 10.
the progressive change in the governing chemical potential is wrien as
∂µi(K)
∂t
=
{
∇ ·
[
k−1∑
j=1
M(φ)∇µj(K)
]
−
N∑
α=1
cαi
∂φα
∂t
}[
N∑
α
hα(φ)
∂cαi
∂µj
]−1
ij
. (31)
As described in Eqns. (16) and (25), the evolution of the curvature-dependent chemical potential
in Eqn. (31) ultimately dictates the morphological transformation by governing spatio-temporal
change in phase-eld.
rough asymptotic analysis, it has already been shown that, in a phase-eld model wherein
the chemical potential acts as the dynamic variable the Gibbs-omson relation is eectively
recovered despite the introduction of the diuse interface [63, 64]. Moreover, as elucidated in
Ref. [65], the interface contribution formulated in Eqns. (9) and (10) establishes equilibrium
condition at the triple junction, despite the complex interplay of the driving forces. Owing to this
ability of the present numerical approach to recover the sharp interface solutions, it is adopted
to investigate the fragmentation of the three-dimensional rod in a multiphase system.
2.2 Domain conguration
To elucidate the energy-minimising morphological evolution of the three-dimensional rods
in polycrystalline system, representative domains of identical conguration are considered for all
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Figure 4: A cross-sectional representation of the initial conguration of the phases at the grain boundaries wherein
the cementite rod is aached. To explicate the condition in which the precipitate is fused with the boundary, the
diuse interface separating the ferrite grains is magnied.
simulations in the present analysis. is elementary multiphase domain is illustrated in Fig. 3.
Since the form of the shape-instability examined in this work has been observed during the
pearlite spheroidization, phases associated with the binary Fe-C system are considered [21, 22].
erefore, the free-energy densities of the phases, ferrite and cementite, are dened by incor-
porating CALPHAD database TCFe8 as elucidated in Ref. [63]. Furthermore, equilibrium com-
positions corroborating mild carbon steels are assigned to avert any phase transformation and
establish a chemically stable environment. In order to distinguish the grains, dierent phase-
elds are assigned to chemically identical phases, α1, α2 and α3. e parameters associated with
the alloy system are listed in Table. (1). Since the current analysis is conned to the binary Fe-
C system, the components of the diusivity tensor delineated in Eqn. (28) adopt a scalar value.
Moreover, it has been identied that morphological evolution in Fe-C systems are governed by
volume-diusion [66, 67]. Accordingly, the concentration mobility is further simplied by as-
suming marginally dierent volume and surface diusivities [68, 69].
e eect of the precipitate size on the transformation mechanism is studied by considering
rods of dierent aspect ratios. e aspect ratio of a given rod is the ratio of its length (l) to its
diameter (d). While the diameter of the cementite structure is xed at 0.02 µm, the length is
appropriately varied to achieve the desired aspect ratio. e domain size is suitably devised to
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Table 1: Material parameters involved in the present work.
Parameter Value Unit
Temperature (T ) 973 K
Interfacial Energy
(γα1α3 = γα2α3 = γθαi) 0.49 Jm−2
Bulk diusivity
(Dvolα1α1 = · · · = Dvolθθ = Dvol) 2×10−9 m2s−1
Grain boundary diusivity
(Dgbα1α3 = D
gb
α2α3
= Dgb) 2.5×10−9 m2s−1
Inter-phase diusivity
(Dintpα1θ = D
intp
α2θ
= Dintpα3θ = D
intp) 2.5×10−9 m2s−1
Molar volume (Vm) 7×10−6 m3/mole
Equilibrium concentration (cθeq) 0.25 mole fraction
Equilibrium concentration (cαeq) 0.00067 mole fraction
avoid any inuence of the boundary conditions on the morphological evolution of the precipitate.
However, it is varied depending on the size of the precipitate.
Nucleation of a phase which initiates the microstructural changes during the phase trans-
formation is largely conned to the grain boundaries [70]. When the evolving phase encoun-
ters another grain boundary in its path, the characteristic growth is terminated. erefore, in
a polycrystalline system, the morphology of the precipitate includes the sections of the grain
boundaries to which it is aached. is eective interlocking of the phases and the respective
grain boundaries are imperative for the evolution illustrated in Fig. 1. Lack of such unication
of the precipitate terminations with the grain boundaries results in a pre-matured detachment
of the rods, thereby completely nullifying the polycrystalline nature of the system. To ensure
that the sections of the grain boundaries abuing the cementite rod form an integral part of
its longitudinal terminations, the phase distribution is allowing the peripheral segments of the
diuse interface to penetrate into the neighbouring grains. is conguration which renders
the desired interaction between the precipitate and the corresponding grain boundary is shown
17
in Fig. 4. e minimal penetration of the cementite boundary into the neighbouring grain is
armed by imposing the condition
V α1,α2θ = 0, (32)
where V α1,α2θ is the volume fraction of cementite in ferrite grains α1 and α2. e criterion in
Eqn. (32) ensures that the unique domain conguration does not inuence the resulting morpho-
logical transformation.
2.3 Simulation setup
e three-dimensional domain considered in the current analysis is discretised using nite-
dierence technique. Besides, the entire domain is uniformly decomposed into identical grids of
dimension ∆x=∆y=∆z=1 × 10−9m, where the equivalent widths of the cross-section are xed
at 0.08 µm × 0.08 µm, while the length is varied to accommodate the size of the cementite rod.
e phase-eld and curvature-dependent chemical potential evolutions, Eqns. (16) and (31),
are respectively solved by a nite-dierence algorithm operating in an explicit forward-marching
Euler’s scheme. Periodic condition is employed along all the boundaries of the three-dimensional
domain. e length parameter which governs the width of the diuse interface is xed at ε =
2.5∆x for all the simulation. e relation between the constant ε and the interface width, along
with the other interface properties, emerging from the present formulation, are discussed in
the Appendix. e computational resources are optimally expended through Message Passing
Interface (MPI) which elegantly decomposes the three-dimensional domain.
3 Results and discussion
Upon initialising the system, by assigning equilibrium composition, the system is allowed
to evolve governed by the minimisation of the overall energy density. e relaxation constant
between the grains and phases is incorporated as a symmetric 4× 4 matrix,
τ =

τα1α1 τα1α2 τα1α3 τα1θ
τα2α2 τα2α3 τα2θ
sym.
τα3α3 τα2θ
τθθ
 , (33)
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Figure 5: Shape change exhibited by the cementite rod of aspect ratio 7 pinned to the ferrite grain boundaries.
with diagonal entities assuming no signicance. e relaxation parameter across the ferrite and
cementite phases is determined by
τα1θ = τα2θ = τα3θ = 0.22ε
[
cθeq(µeq, T )− cαeq(µeq, T )
]2
DcT
(
∂c
∂µ
) , (34)
where cθeq(µeq, T ) and cαeq(µeq, T ) denote the equilibrium carbon-composition of the respective
phases [69]. In the absence of chemical driving-force, ταiαj is interpreted as the reciprocal of
the phase-eld mobility [65]. Since the ferrite grains in the multiphase domain are exclusively
distinguished by the scalar phase-eld variables, extremely high values are assigned to τα1α2 ,
τα1α3 and τα2α3 , to avert any unphysical migration of the at grain boundaries.
3.1 Morphological stability of smaller rods
A three-dimensional domain akin to Fig. 3 is devised to encompass cementite rod of aspect
ratio 7. e progressive change in the morphology of these rods in the representative polycrys-
talline setup is illustrated in Fig. 5. In this illustration, t is a dimensionless parameter which is
normalised by the constant χ = b3RT
Dαγα3θV
2
mc
α
eq
, in conformity to the existing works [10, 17].
As shown in Fig. 5 at t = 53.23, it is evident that the morphological transformation initiates
with a noticeable change in the shape of the cementite terminations which are pinned to the grain
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boundaries. In an isolated nite structure, the onset of shape change at the longitudinal ends is
seemingly conceivable, since the entire evolution is dictated by the curvature-dierence induced
by the terminations [71, 42]. erefore, smooth ridges are formed by the mass transferred from
the receding edges to the neighbouring at surfaces. In Fig. 5, owing to the polycrystalline nature
of the system, the precipitate assumes a characteristic morphology at the terminations which is
noticeably dierent from the ridges in the isolated structures. Moreover, the shape change at
the longitudinal ends involves penetration of the cementite into the neighbouring grains. In
other words, fraction of the precipitate, which was originally conned to the parent grain-α3,
penetrates into the neighbouring ferrite grains. e characteristic morphology assumed by the
precipitate, which extends beyond a single ferrite grain, indicates that the shape change is ini-
tialised by the interaction of the interfacial energies at the triple junctions.
e characteristic morphology established at the longitudinal ends of the rods introduces a
curvature-dierence. Governed by the disparity in the curvature, the mass from the remnant
sections of the rods, which are conned to the ferrite grains−α3, get deposited in the termina-
tions. As shown in Fig. 5 at t = 57.5, the ux results in a signicant decrease in the thickness of
the rod, particularly in the midri region, thereby unravelling the high-curvature source. is
mode of the mass transfer is akin to the contra-diusion observed in the isolated rods wherein
the atomic ux from the central region gets deposited in the receding edges. e aforementioned
mode is in complete opposition to the regular ow which results in the termination migration.
Ultimately, the progressive deposition of the mass at the longitudinal terminations, as observed
at t = 59.5, results in the fragmentation of the continuous precipitate. Moreover, as shown in
Fig. 5, the pear-shaped structures resulting from the fragmentation are interlocked with the grain
boundaries. is breaking-up of the continuous structure by the unhindered curvature-driven
mass transfer is referred to as the ovulation. In isolated rods, it is identied that, in a volume-
diusion governed transformation, the maximum aspect ratio beyond which ovulation sets-in,
called critical aspect-ratio, is 8 [72]. However, since the underpinning driving-force for the mor-
phological transformation of the precipitate in a multiphase system is substantially dierent, the
fragmentation is observed in the smaller rods as well. Following the pinch-o, as illustrated in
Fig. 5 at t = 69.25, the detached precipitates continue to exhibit shape-change to achieve an
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Figure 6: e energy-minimising morphological transformation of cementite rod of aspect ratio 10 in a polycrys-
talline setup.
equilibrated conguration dictated by the relation in Eqn. (7).
3.2 Morphological stability of larger rods
In a nite structures, a shi in the transformation mechanism accompanies the increase in the
size [71, 42]. erefore, to unravel the inuence of primary grain-size, thereby the aspect ratio
of the rod, on the mechanism of shape change, the morphological evolution in larger domains is
analysed. Fig. 6 illustrates the mode of instability exhibited by the cementite rod of aspect ratio
10 in a multiphase conguration. Evidently, the transformation mechanism is visibly dierent
from the smaller rods shown in Fig. 5.
Although the overall conguration of the domain remains unaltered with increase in the size
of the cementite rod, the dimension of the remnant section conned to the primary corresponding
increases. erefore, the shi in the transformation mechanism is predominantly dictated by this
increase in the size of the remnant at-region of the rod which acts as the source of mass transfer.
e energy-minimising event at the triple junctions of the terminations establish a char-
acteristic morphology. Accordingly, sections of the precipitate which initially conned to the
grain−α3 penetrate into the adjacent grains. Since the volume of cementite is conserved, owing
the chemical equilibrium established across the phases, this diusion of precipitate into ferrite
grain−α1 and −α2 is achieved by the curvature-driven mass transfer. In the smaller rods, the
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principal source for the atomic ux coincides with the central region of the precipitate. erefore,
as shown in Fig. 5, with the progressive mass transfer towards the termination, the thickness of
the cementite at the midri begins to decrease, ultimately leading to the pinch-o at the mid-
point. However, this mode of evolution changes with increase in the size of the rod. In Fig. 6
at t = 65.75, the principal sources for the mass transfer can be realised from the thickness of
the remnant sections of the rod in grain−α3. It is clear from the illustration that, with increase
in the aspect ratio, the primary source shis from the central region to the foot of the modied
termination. Correspondingly, separate sources are induced close to each terminations. e con-
tinued mass transfer from the source to the terminations, consequently leads to the simultaneous
pinch-o events, as shown in Fig. 6 at t = 69.75.
e shi in the ovulation site from the midri region to the foot of the termination increases
the number of the fragmentation events. Additionally, during the pinch-os, the region between
the principal mass-transfer sources detaches from the continuous cementite rod and form an
isolated entity which is referred to as the satellite particle. Owing to the substantial dierence in
the volume of the satellite particle and entangled precipitates at the grain boundaries, Ostwald
ripening sets-in, as observed at t = 73.25. erefore, the grain-boundary structures coarsen at
the expense of the satellite particle. Ultimately, as shown in Fig. 6 at t = 94.25, a distribution
akin to the evolution of the smaller rod is established with the complete disappearance of the
satellite cementite.
3.3 Size-independent initial morphological changes
Irrespective of the size of the cementite rod, the morphological transformation initiates with
the equilibration of the interfacial energies at the triple junction, establishing a characteristic
shape at the longitudinal edges of the precipitate. As shown in Fig. 5 at t = 52.23 and Fig. 6 at
t = 65.75, the shapes established at the rod terminations by the energy-minimising events at
the triple junction are similar, with sections of the cementite percolating in neighbouring grains.
Moreover, it is interesting to note that, both in smaller and larger rods, the time taken for the
signicant change in the precipitate shape, which includes the ovulation, is noticeably smaller
when compared to the entire evolution. For instance, in the transformation of the cementite rod
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Figure 7: e isoline representation of the morphological changes in the longitudinal edges of the cementite which
establishes the characteristic morphology.
of aspect ratio 7, the salient changes occur over a short period of time, i.e. from t = 53.23 to
t = 69.25, while the temporal evolution leading up to the singularity event is gradual. Owing
to the signicance of the morphological changes at the initial stages of the evolution, which are
size-independent and predominantly dictate the kinetics, it is independently examined.
To unravel the temporal evolution which initialises the shape-instability of the rod in poly-
crystalline setup, the longitudinal cross-section of the domain encompassing precipitate of aspect
ratio 10 is considered. Owing to the two-fold symmetry of the setup, only the upper half of the
domain is considered for the representation. In Fig. 7, the transformation at the early stages is
illustrated through the isoline representation of the interface contours dened by Γ = {x ∈
V |φ(x, t) = 0.5}.
e morphological changes, as mentioned earlier, begin with the change in the angles at the
triple junctions. is is achieved by the equilibration of the tangential forces, predominantly in-
terfacial energies, acting at the triple point. As shown in Fig. 7 at t = 9.15, the energy-minimising
evolution is accompanied by a characteristic shape-change at the terminations which allows the
penetration of the cementite into the adjacent grain. Furthermore, the marginal and uniform
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Figure 8: e transformation following the fragmentation of a continuous rod of aspect ratio 20 in polycrystalline
setup.
decrease in the thickness of the remnant section of the rod associated with the primary grain,
indicates that the source of mass transfer which enables the equilibration and the corresponding
morphological evolution is not conned to a denite region.
While the termination grows with time, as illustrated at t = 48.25 in Fig. 7, the characteristic
shape is retained. Interestingly, with increase in size at the longitudinal ends, the thickness
of the remnant section decreases uniformly. During contra-diusion in nite structures, the
source is conned to a specic region of the precipitate which exhibits progressive decrease in
thickness. However, the homogeneous thickness of the remnant section unravels that the growth
is governed by the mass transfer from the entire at regions of the cementite rod. e gradual rate
of initial evolution can be aributed to this unique mode of mass transfer, wherein the source
is not restricted to a specic section of the structure. e end of this early transformation is
marked by the onset of necking at the foot of the termination at t = 63.25 in Fig. 7. e necking
which explicates an increased mass transfer from a specic region turns into the site for ovulation
illustrated in Fig. 6.
3.4 Time-invariant morphology of the detached structures
Since the ovulation and the morphological changes leading to this denitive transformation
have been extensively analysed in the previous section, to understand the evolution subsequent
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to the fragmentation, the stability of the cementite rod of aspect ratio 20 is examined. In Fig. 8,
the temporal change in the distribution of cementite entities aer the pinch-o is illustrated.
As realised in Sec.3.2, with increase in the size of the precipitate, the number of fragmenta-
tion events increases and the responsible sources of mass transfer migrate away from the central
region. e shi in the ovulation site from the midri to the foot of the characteristic shape
established at the termination, increases with the aspect ratio of the rods. erefore, in the ce-
mentite rod of aspect ratio 20, to location of the pinch-o site close to the termination yields a
considerably large satellite particle. e satellite particle resulting from the simultaneous ovu-
lation at two distinct sites is conned to the primary grains−α3. Despite the increased size, the
satellite particle begins to shrink due to the coarsening of the cementite entities which are entan-
gled in the grain boundary. e gradual shrinking of the isolated precipitate structure, governed
by the Ostwald ripening, is illustrated in Fig. 8. is coarsening of the grain-boundary particles
forms an integral part of the morphological transformation accompanying the shape-instability
of large cementite rods in multiphase consideration.
e entire evolution associated with the stability of the larger rods in a polycrystalline sys-
tem can be elucidated as a successive occurrence of three distinct events. e early shape-change
involves energy-minimising transformation at the triple junction which renders a characteristic
shape to the longitudinal edges pinned to the grain boundaries. e mass transfer establishing
the morphological conguration, at the initial stages, is predominantly governed by the surface
diusion. Subsequently, the terminals begin to grow, and ultimately, pinch-o, by the atomic
uxes migrating from the remnant section of the rod to the longitudinal ends. Both surface
and volume diusion contribute to the mass transfer which dictates this morphological transfor-
mation. e coarsening of the termination particle at the grain boundaries, which is shown in
Fig. 8, subsequently follows the fragmentation due to the signicant dierence in the volume of
the resulting entities. e morphological changes rendered by Ostwald ripening are substantially
directed by volume-diusion through the primary grains−α3.
In Fig. 8, it is noticeable that, despite the dynamic evolution of the fragmented precipitates,
the morphology of the cementite particle entangled at the grain boundary remains seemingly
unaltered. is isolated precipitated spanning across the ferrite grains−α1 and −α3 is shown
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Figure 9: a) e morphology of the cementite particle detached from the rod of aspect ratio 20 and fastened to the
grain boundary at t = 200. b) Isoline representation of the coarsening of the termination entity at the expense of
the satellite particle. c) e time-invariant shape exhibited by the coarsening precipitate unraveled by scaling the
dimension.
in Fig. 9a. Evidently, the shape results from the denite angle subscribed along the radial rim
of the precipitate which is fused with the grain boundary. Since the angle is dictated by the
equilibration at the triple point, the unique morphology of the cementite structure is due to
interaction between the phase and grain boundary. In other words, the complex morphological
conguration in Fig. 9a ensures the minimal energy state in a polycrystalline system.
In order to convincingly explicate the shape of the termination precipitate during the coars-
ening, its evolution is monitored. e isoline representation of the interface contours pertaining
to the cross-section of the domain in Fig. 9a is adopted to illustrate the growth of the grain-
boundary cementite. e corresponding illustration in Fig. 9b indicates that, even though the
precipitate coarsens, the shape is largely unchanged with time. However, to unambiguously af-
rm the time-invariant self similar nature of the cementite morphology, the interface contours at
dierent time-steps are resized and superimposed in Fig. 9c. e absolute overlap of the interface
contours substantiates the shape-preserved coarsening of the grain-boundary precipitate. ere-
fore, despite the deposition of mass from the satellite particle, the characteristic shape dictated
by the triple junction remains unperturbed all-through the transformation.
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Figure 10: e increase in the volume of cementite at the longitudinal ends with time during the entire transforma-
tion of the rod of aspect ratio 20.
3.5 Kinetics of the morphological evolution
A characteristic feature of the transformation analysed in the present work is that the vol-
ume fractions of the phases remain unaltered throughout the evolution. However, as elucidated
earlier, considerable mass transfer is induced by the curvature-dierence and other equilibration
condition. ese activities ensuing the temporal evolution of the cementite rod are predomi-
nantly associated with the longitudinal ends which are fused with the grain boundaries. ere-
fore, to understand the transformation rate, the progressive change in the volume fraction of
cementite in the domain-section illustrated in Fig. 9a is ascertained and ploed in Fig. 10. Since
the dierent stages of the evolution are distinctly dened in the transformation of the rod of
aspect ratio 20, this setup is chosen to analyse the kinetics.
Consistent with the temporal evolution of the shape elucidated in previous section, in the
early stages, the change in the volume fraction of the precipitate at the termination is gradual. e
low rate of initial transformation is due to the uniform mass transfer from the remnant structure
which establishes the characteristic termination morphology that spans across the grains. Once
the characteristic longitudinal ends begin to grow, a considerable dierence in the curvature is
introduced. With the introduction of the curvature-dierence, the termination volume increases
at a faster rate, as shown in Fig. 10, when compared to the initial stages of the transformation.
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Figure 11: e ratio of the length (lr) and width (br) of the termination structure assumed by the precipitate of
dierent aspect ratio at the point of ovulation.
e continued mass-transfer from a specic source in the remnant section of the rod, ulti-
mately, results in ovulation. e volume change in the termination structure is signicantly more
pronounced aer the fragmentation, as shown in Fig. 10. Since the transformation following the
pinch-o is governed by the Ostwald ripening, the shape of the grain-boundary precipitate is
assumed to be spherical and the radius R is correspondingly determined from its volume. With
Ro andR representing the radius immediately following the ovulation and at a given instant, the
relation R3−R3o is calculated and included in Fig. 10. e proportional increase in R3−R3o with
time indicates that the coarsening of the termination structure adheres to the power law. Inter-
estingly, the analytical relation pertaining to coarsening is recovered in spite of the characteristic
morphology adopted by the grain-boundary cementite.
3.6 Ovulation criterion and time
In Figs. 6 and 8, it is noticeable that with increase in the aspect ratio of the precipitate rod,
the size of the satellite particle resulting from the ovulation proportionately increases. In other
words, the pinch-o site shis proportionately from the centre with the increase in the size of the
cementite rod. Similar behaviour is exhibited by the isolated rods during spheroidization [42].
Moreover, in the isolated structures, it is identied that the shi in the ovulation site corresponds
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Figure 12: e time taken for the fragmentation of the continuous rods of dierent initial sizes during its evolution
in a polycrystalline setup.
to a denite criterion which can be described based on the dimension of the longitudinal ridges at
the point of pinch-o. To unravel such criterion, which undergirds the fragmentation during the
morphological transformation of rods in a polycrystalline setup, shape-instability of wide range
structures with varying aspect ratio is examined. e aspect ratio of the characteristic shape at
the longitudinal ends is calculated as shown in the subset of Fig. 11 and included in the same
illustration.
Fig. 11 shows that, irrespective of the initial size of the rod, the ratio of the length and width
of the characteristic termination is equal at the point of ovulation. is equivalence in the termi-
nation aspect-ratio (lr/br) during fragmentation is responsible for the proportional shi in the
ovulation-site away from the centre with increase in the size of the rod. is shi appropriately
increases the size of the satellite structures with the initial aspect ratio of the rod. erefore,
analogous to the evolution of the isolated structures, Fig. 11 indicates that the shape-instability,
particularly the fragmentation, of the rods in a multiphase setup is dictated by the ovulation
criterion dened by the dimensions of the characteristic morphology at the termination.
In addition to the ovulation criterion, another characteristic feature observed during the
spheroidization of nite isolated rods pertains to the ovulation time. It is noticed that, in both
surface and volume diusion governed transformation, the time taken for the initial pinch-o is
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seemingly equal in larger rods [71, 42]. However, in smaller structures the ovulation time varies.
e inuence of initial size on the ovulation time of the rod in a polycrystalline setup is ascer-
tained by monitoring the evolution. e time for the fragmentation of the cementite structure of
dierent aspect ratios is ploed in Fig. 12. Akin to the evolution of the isolated nite-rods, the
ovulation time increases with the initial size in the polycrystalline rods of aspect ratio upto 15.
However, in larger rods of aspect ratio 15 and above, the time taken for the pinch-o is apparently
equal.
4 Conclusion
Morphological stability of the phases in a microstructure is analysed by considering a struc-
ture corroborating the shape and allowing it to evolve under an appropriate thermodynamic
condition. Generally, the system accommodating the structure comprises of the precipitate en-
gulfed in the matrix. erefore, the driving force is predominantly governed by the inherent
curvature-dierence in the shape and the precipitate evolves to reduce the overall interfacial en-
ergy of the system. Since isolated structures are observed in a microstructure and the inuence
of the neighbours considerably decrease with the distance, these investigations render critical in-
sights on understanding the morphological stability of the phases. However, microstructures of
applicable materials are largely polycrystalline in nature, and grain boundaries which contribute
to the nucleation during phase transformation, also play a vital role in the shape transformation.
Moreover, it is identied that, during pearlite spheroidization, the grain boundary assists in the
formation of the isolated nite-cementite structures which later exhibits morphological changes
governed by the inherent dierence in the curvature. To delineate the role of grain boundaries
in the temporal evolution of three-dimensional rods, under chemical equilibrium, the stability of
the precipitate in a representative polycrystalline setup is analysed.
e present phase-eld analysis of the shape-instability of rods in a multiphase system un-
ravels that the curvature-dierence is not the sole governing factor. In fact, the shape-changes
at the early stages of the transformation are dictated by the energy-minimising events at the
triple junctions which include the interaction between the phase and grain boundaries. is ini-
tial morphological evolution establishes a characteristic morphology at the longitudinal ends of
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the rods, which eventually introduces curvature-dierence. e resulting mass transfer from the
remnant section of the rod to the termination leads to pinch-o which fragments the continu-
ous structure. Depending on the initial size of the rod, the ovulation either occurs at the centre
of the rod or at the foot of the morphologically-transformed terminations. e laer, which is
observed in the larger rods, yields the evolution of a satellite particle whose size varies with the
initial aspect-ratio of the rod. Although the fragmentation in the larger structures is invariably
followed by coarsening, the isolated nite satellite structure evolves governed by the inherent
dierence in the curvature. erefore, the current work elucidates the sequence of events re-
sulting in the formation of the isolate structures, which are predominantly observed during the
morphological evolution of phases in a polycrystalline microstructure. is grain-boundary as-
sisted fragmentation deepens and adds to the current understanding of the shape-instability.
Since this investigation is primarily directed towards expounding the dierence introduced
by the polycrystalline setup on the energy-minimising shape-change exhibited by the rod, the
entire analysis has been conned to a denite set of material parameters in a representative
domain. Exhaustive study analysing the morphological transformation under varied thermody-
namical conditions in physical microstructural setups will be reported in the future. For instance,
anisotropy in the interfacial energy separating grains and phases would noticeably alter the ge-
ometrical conguration of the triple junction. Consequently, the morphology of the cementite
particles at the grain boundaries change. Understanding the eect of dierent interfacial energies
on the kinetics and mechanism of the morphological evolution form a pivotal aspect of the forth-
coming investigations. Moreover, by extending the present approach through the incorporation
of mechanical driving-forces, inuences of elastic and plastic strains on the transformation will
be examined
Despite the ability of the phase-eld model to accommodate multicomponent system, the
present work considers a binary Fe-C system. erefore, aempts are made to understand the
shape-change in systems comprising of components with signicantly dierent diusion-coecients,
and with considerable disparity in the surface and volume diusion. e role of interdiusivity
in the kinetics of the transformation will also be addressed in the upcoming works.
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Appendix: Interface properties
In this section, the interface properties rendered by the present formulation are discussed. In
a two-phase system, the overall energy-density under the current considerations is expressed as
F(φ,∇φ, c) = εγ|∇φ(x, t)|2 + γ
ε
16
pi2
φ(x, t)(1− φ(x, t)) + fchem(c(x, t),φ). (Appendix .1)
Under the conditions of chemical equilibrium and a single spatial dimension, both, the contribu-
tion of the bulk phases as well as the inuence of curvature, become insignicant. Correspond-
ingly, the system remains in a static condition with no temporal evolution of the phase-eld. e
absence of phase-eld evolution,
ετ
∂φ(x, t)
∂t
= −δF(φ,∇xφ, c)
δφ
≡ 0, (Appendix .2)
renders the relation
2γε
∂2φ
∂x2
=
γ
ε
16
φ2
(1− 2φ). (Appendix .3)
Both sides of Eqn. (Appendix .3) are integrated by including dφ
dx
,∫ (
dφ
dx
)
∂2φ
∂x2
dx =
∫
1
ε2
16
pi2
1− 2φ
2
(
dφ
dx
)
dx. (Appendix .4)
Upon integrating, above Eqn.(Appendix .4) transforms to(
dφ
dx
)2
=
1
ε2
16
pi2
φ(1− φ). (Appendix .5)
e interface width Λ is estimated by
Λ =
∫ Λ
0
dx (Appendix .6)
Based on Eqn. (Appendix .5), the width of the diuse interface can be determined by∫ Λ
0
dx = ε
∫ 1
0
[
16
pi2
φ(1− φ)
]− 1
2
dφ (Appendix .7)
Above Eqn. (Appendix .7), aer integrating is wrien as
Λ = ε
pi
4
[
sin−1(2φ− 1)]1
0
. (Appendix .8)
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From the above expression, for a given length parameter ε, the width of the diuse interface is
Λ = ε
pi2
4
. (Appendix .9)
e transition of the phase-eld across the diuse interface depends on the formulation of the
interface contribution. e interface prole can be ascertained by considering Eqn. (Appendix .8).
Accordingly, the respective relation is wrien as∫ x
0
dx = ε
pi
4
sin−1(2φ(x)− 1). (Appendix .10)
By re-arranging the terms, the interface prole for the present formulation is expressed as
φ(x) =
1
2
+
1
2
sin
4
εpi
x. (Appendix .11)
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